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Abstract
Asymmetric membranes were prepared by dry-cast phase inversion technique from a cellulose acetate, acetone, water solution in order to
assess the validity of the mathematical model recently developed by us. Based on the model predictions, general structural characteristics of
the membranes were determined by plotting the composition paths on the ternary phase diagram and polymer concentration profile at the first
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doment of precipitation. Composition paths on the ternary phase diagram enable the assessment of whether a phase separation occurs and
llow prediction of inception time and duration of the phase separation. The polymer distribution at the moment of precipitation provides a
ough thickness of the high polymer concentration region near the interface and a pore distribution of the sublayer structure. The effects of
olymer/nonsolvent ratio in the casting solution, the initial film thickness, evaporation temperature, relative humidity and velocity of air were
nvestigated. Model predictions were compared with the morphological analysis conducted using scanning electron microscopy. Results show
hat diffusion formulation plays an important role in capturing the accurate structure of the membrane from the model predictions.
2004 Elsevier B.V. All rights reserved.
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. Introduction
Polymeric membranes are usually produced by phase in-
ersion techniques. In these techniques, an initially homo-
eneous polymer solution becomes thermodynamically un-
table due to different external effects and phase separates
nto polymer-lean and polymer-rich phases. The polymer-
ich phase forms the matrix of the membrane, while the
olymer-lean phase, rich in solvents and nonsolvents, fills the
ores. Depending on the evaporation/quenching conditions,
nitial thickness and composition of the polymer solution,
arious membrane structures ranging from dense to highly
symmetric can be obtained. The asymmetric membranes are
haracterized by a very thin, but relatively dense skin layer
upported by a more open porous sublayer. The fraction of
∗ Corresponding author. Tel.: +90 232 750 6273; fax: +90 232 750 6196.
E-mail address: sacidealsoy@iyte.edu.tr (S.A. Altinkaya).
the dense skin layer determines the separation performance
while the porous sublayer provides mechanical support and
influences the overall flow resistance.
The manufacture of polymeric membranes by phase in-
version techniques is not rigorous. However, slight change in
the membrane fabrication process can significantly affect the
ultimate membrane morphology as well as membrane per-
formance. Thus, there has been considerable motivation for
developing mathematical models for phase inversion tech-
niques to eliminate extensive trial and error experimenta-
tion and optimize membrane preparation conditions. Most of
these mathematical models and corresponding experimental
work is focused on wet cast [1–13] and thermal cast processes
[10,14–16]. However, there are relatively few quantitative
studies on the dry-cast process even though this technique
offers some advantages compared to other phase inversion
techniques. The first unsteady-state, one dimensional model
for a dry-casting process of a ternary mixture was developed
376-7388/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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by Shojaie et al. [17] which allows for local film shrink-
age due to excess volume of mixing effects as well as evap-
orative solvent and nonsolvent loss. In a following paper,
they investigated the effects of initial composition and cast-
ing thickness on the membrane structure and validated the
model using independent real-time measurements of the pro-
cess variables [18]. In addition, morphological studies were
utilized to further justify the model predictions. Matsuyama et
al. [19] prepared various types of porous membranes by dry-
cast process in several cellulose acetate/acetone/nonsolvent
systems. The effects of the ratio of the weight fraction of
nonsolvent to polymer, the thickness of the membrane, and
the type of nonsolvent on the structure of membranes were
investigated both theoretically and experimentally. Recently,
Alsoy Altinkaya and Ozbas [20] have shown that appropriate
formulation of the ternary diffusivities and accurate param-
eters used in these expressions form the basis of accurate
membrane modeling. The majority of other previous exper-
imental studies of dry-casting processes are concerned with
the formation of macroviods [18,21–23] in which different
hypotheses were proposed and various experimental tech-
niques following the initiation and growth of the macrovoids
were discussed.
In this study, the dry-cast model developed previously by
our group [20] was further validated by comparing the model
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to describe complex membrane formation processes. In our
study, the friction-based diffusion model proposed by Alsoy
and Duda [29] is used to predict the multicomponent diffu-
sivities. According to this model, multicomponent diffusivi-
ties are only a function of the self-diffusion coefficients and
the thermodynamic factor of the corresponding component
and they can be easily determined from readily accessible
thermodynamic and self-diffusion data. The validity of this
theory has previously been confirmed by: (a) predicting ex-
perimental values of the principal and cross coefficients for
a ternary organic mixture [30]; (b) applying the diffusion
model to predict the drying behaviour of different ternary
systems [29,31]. Equations in the SS model involve friction
coefficients that no experimental measurements are available
on these coefficients or how they change as a function of
composition [17]. It is important to recognize that our dry-
cast model is a completely predictive one, in that it does not
contain any adjustable parameters. The predictions are based
only on conservation laws, solution thermodynamics, and
measured and correlated values of relevant transport prop-
erties.
In the first part of the paper, the effects of initial compo-
sition and the thickness of the casting solution as well as the
environmental conditions such as relative humidity, temper-
ature and the velocity of air on the structure of the membrane
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dredictions with the morphological studies. Our model has
ome unique features and differs from Shojaie et al.’s model
17] in few ways. Specifically, Shojaie et al.’s model [17]
referred to here as the SS model) includes a one dimen-
ional unsteady-state heat transfer equation, while, in our
odel temperature through the membrane forming solution
nd the substrate is uniform and the heat transfer is approx-
mated by a lumped parameter approach. This approxima-
ion is fairly reasonable since resistance to heat transfer in
he gas phase is much greater than in the polymer solu-
ion or the substrate layer. In addition, the validity of this
ssumption was confirmed by the predictions of Shojaie et
l. [17] which indicate flat temperature profiles at different
imes during membrane formation. The SS model incorpo-
ates effects of volume change on mixing. In our model, it
s assumed that the partial specific volume of the compo-
ents are independent of the composition. This assumption
s made based on the predictions of Alsoy and Duda [24].
heir study indicates that for most polymer–solvent systems,
he influence of diffusion-induced convection associated with
olume changes on mixing can be neglected in the analy-
is of sorption processes. The correction term for the vol-
me change on mixing is usually small and negligible if
he volume change on mixing is below 4%. Experimental
tudies indicate that most polymer–solvent systems do not
how large deviations from ideal volumetric behaviour, and
he absolute value is typically 1–2% or less [25–28]. With
his assumption, presenting the problem in terms of volume
verage velocity reduces the complexity and the number of
overning equations. As a consequence, the procedures uti-
ized in our study greatly reduce the computer power requiredre investigated. In the second part, the role of diffusion for-
alism in capturing the accurate structure of the membrane
s clearly illustrated by comparing the morphological studies
ith the model predictions from three different alternative
iffusion models.
. Experimental
.1. Materials
Membranes were prepared from ternary solutions consist-
ng of cellulose acetate, acetone and water using a dry-casting
ethod. Cellulose acetate (CA) with a molecular weight of
0,000 g/mol and an acetyl content of 39.7% was purchased
rom Aldrich. Acetone with a purity of 99% obtained from
erck was used as the solvent, and distilled and deionized
ater was used as the nonsolvent. The CA was dried in an
ven above 100 ◦C for several hours prior to use. No further
urification was applied to the materials.
.2. Membrane preparation and characterization
The cellulose acetate solution was cast onto a
cm× 18 cm glass substrate with the aid of an automatic film
pplicator (Sheen Instruments Ltd., model number: 1133N).
he initial thickness of the cast film was adjusted by a four-
ided applicator with the gap sizes of 150, 200, 250 and
00m. Immediately after casting, the glass support was
ransferred into an environmental chamber (Angelantoni In-
ustrie, Italy, Challenge Series, model number: CH250) and
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kept there for 2 h to allow for evaporation of both the solvent
and the nonsolvent. For experiments shown in this study, the
temperature and the relative humidity of the air was adjusted
within the range of 25 ◦C–50 ◦C and 25%–50%, respectively.
After 2 h of air exposure within the environmental chamber,
the cast films were allowed to dry further for a minimum
of 24 h at room temperature prior to removal from the glass
substrate.
Morphology of the membranes was examined by scanning
electron microscopy (SEM) on a Philips XL-30SFG model.
Samples were coated with gold palladium using a Magnetron
Sputter Coating Instrument. The thickness of the dense skin
layer, the overall porosity, and the average pore size were de-
termined from image analysis of SEM micrographs showing
cross sections of the membranes.
3. Determination of phase diagrams and composition
paths
The polymeric membrane formation by the dry-casting
method is a complicated process due to phase separation, and
simultaneous heat and mass transfer mechanisms controlled
by complex thermodynamic and transport properties of poly-
mer solutions. Model equations consist of coupled unsteady-
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4. Results and discussion
4.1. Effect of polymer (P)–nonsolvent (NS) ratio
The impact of altering the composition of the casting solu-
tion and the bath is well documented for wet phase inversion
techniques [34–47]. However, there are relatively few quanti-
tative studies on the morphology of the membranes prepared
by dry-casting methods [18,19,22]. To investigate the effect
of the casting composition on the final structure of the mem-
brane, weight fraction of acetone (S) was kept constant at
80% while the ratio of weight percent of cellulose acetate (P)
to water (NS) was varied at 5/15, 10/10 and 15/5. The ternary
solutions were then allowed to evaporate within the environ-
mental chamber at 25 ◦C and 50% relative humidity. In order
to validate the dry-cast model developed previously by us,
simulations were performed for these experimental condi-
tions denoted by Cases R1, R2 and R3, in Table 1. Based
on model predictions, information about the structure of the
membrane was obtained by plotting the composition paths
on the ternary phase diagram and the polymer distribution at
the first moment of precipitation. For example, the concen-
tration paths in time for the substrate/solution (glass facing
side) and solution/air interface (air facing side) for Case R2
are shown in Fig. 1. According to this plot, phase separation
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Rtate heat and mass transfer equations, film shrinkage, and
omplex boundary conditions especially at the polymer–gas
nterface. The predictions from the model provide composi-
ion paths, temperature, and membrane thickness. The onset
f phase separation is determined when the composition paths
f the solution–air and solution–substrate interfaces touch
he binodal curve. A robust algorithm was developed to con-
truct the ternary phase diagrams using the Flory Huggins
hermodynanic theory with constant interaction parameters.
n previous studies, the concentration dependence of the wa-
er/cellulose acetate binary interaction parameter was ignored
n order to avoid the use of any adjustable parameter [4,17].
ilmaz and McHugh [32] have shown that shapes of the bin-
dal and spinodal curves generated from constant and con-
entration dependent solvent–nonsolvent interaction param-
ters are similar. They concluded that ternary phase diagrams
an be calculated using constant solvent/nonsolvent interac-
ion parameters within the characteristic experimental range.
urthermore, Yilmaz and McHugh [32] point out the fact that
ata for the concentration dependence of solvent–polymer in-
eraction parameters are quite limited and experimental diffi-
ulties limit their accuracy. Thus, empirical fits of low order
i.e., linear form) are used although they have relatively poor
ccuracy. Based on this limitation and their predictions, we
ave decided to use constant interaction parameters in our
odel. Highly nonlinear model equations were solved using
nite difference approximations with a variable grid size. The
etails of the numerical solution procedure and the algorithm
sed in constructing the phase diagram can be found in the
hesis of Ozbas [33].akes place and the concentration paths of the two interfaces
ross the binodal curve at markedly different times and dif-
erent concentrations. Based on these two observations, one
ight expect that the casting conditions represented by Case
2 will produce porous asymmetric membranes in which
he upper surface is more dense than the lower surface. The
recipitation times calculated for each case are tabulated in
able 2. The results show the expected trend of decreasing
recipitation time with decreasing P/NS ratio in the initial
asting solution. In all cases, the concentration path of the so-
ution/air interface crosses the binodal curve at earlier times
ig. 1. Concentration paths of water, acetone and cellulose acetate for Case
2: (©) solution/air interface; (): solution/substrate interface.
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Table 1
Experimental conditions
Cases Weight fractions Air temperature
(◦C)
Initial casting
thickness (m)
Relative
humidity (%)
Overall
porosity (%)
Average radius of
the pores (m)
Thickness of skin
layer (%)
CA Acetone Water
R1 0.05 0.80 0.15 25 300 50 – – –
R2 0.10 0.80 0.10 25 300 50 35.9 1.5 3.7
R3 0.15 0.80 0.05 25 300 50 10.9 0.7 14.7
R4 0.10 0.80 0.10 25 200 50 35.9 1.3 5.9
R5 0.10 0.80 0.10 50 300 50 39.9 2.2 4.1
R6 0.10 0.80 0.10 25 300 25 33.9 1.6 4.2
R7 0.10 0.80 0.10 18 300 40 – – –
and the calculation was continued until the substrate interface
has also precipitated. In other studies such as Shojaie et al.’s
work [17,18], solid/liquid and liquid/gas interfaces reach the
phase boundary at markedly different times. We are aware of
the fact that our model, as well as most of the other mathemat-
ical models is based on purely homogeneous diffusion and
they are no longer valid once binodal line is reached. How-
ever, they provide an insight about the initial dynamics of the
process by quantifying the interactions among the material
and process variables. Asymmetric membranes are usually
characterized by the fraction of dense and porous layers, the
shape and size of the pores, and the pore size distribution.
Theoretically, the polymer distribution at the onset of precip-
itation provides a rough thickness of dense skin layer near the
interface and the pore distribution of the sublayer structure.
Examination of the polymer concentration profiles for Cases
R1, R2 and R3 in Fig. 2 leads to the following conclusions
regarding the effect of increased P/NS ratio in the casting so-
lution. (a) Within the top 10% of the free surface, the change
in polymer concentration is smallest (39%) when P/NS ratio
is 15/5 and largest (45%) when this ratio is 5/15. In addition,
the polymer volume fraction at the solution–air interface is
largest for Case 3, being around 0.75. Thus, higher poly-
mer concentrations in a large region of the membrane leads
to formation of denser and thicker skins at the solution–air
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Fig. 2 correspond to the first moment of precipitation, and
after that time we did not utilize any simulation results in or-
der to obtain any information about the final structure of the
membrane.
The scanning electron micrographs (SEM) of the cross
sections of the membranes prepared from casting conditions
corresponding to Cases R1, R2 and R3, respectively, are
shown in Figs. 3–5. One can clearly see from these figures
that with increased P/NS ratio in the casting solution, the
membrane became much more dense and the thickness of the
dense top layer increased. Fig. 3 indicates that membrane pre-
pared from a P/NS ratio of 5/15 is highly porous and porosity
is almost the same throughout the sublayer structure. These
observations are in complete agreement with our model pre-
dictions as discussed above. The fraction of dense skin layer,
the overall porosity and the average pore sizes of the mem-
branes measured by the image analyzing software are given
in Table 1. These values could not be determined for the mem-
branes prepared from a casting solution with a P/NS ratio of
5/15 due to a highly porous structure of the membrane and
connectivity of the pores. Morphological characterization re-
sults listed in Table 1 are qualitative rather than quantitative.
However, with the aid of these results, certain trends in the
morphologies obtained from different casting conditions be-
come apparent.
F
anterface. (b) Low porosity, graded–pore sublayer structures
re favored. Membrane prepared from a casting solution hav-
ng P/NS ratio of 5/15 will have uniform porosity especially
n the side facing the glass (substrate–solution interface)
hile the porosity of the membrane will change through-
ut the cross section as this ratio is increased to 15/5. It
hould be reiterated that polymer concentration profiles in
able 2
recipitation times
ases Weight fractions Substrate side (s) Air side (s)
CA Acetone Water
1 0.05 0.80 0.15 586 498
2 0.10 0.80 0.10 738 576
3 0.15 0.80 0.05 800 700
4 0.10 0.80 0.10 439 381
5 0.10 0.80 0.10 405 296
6 0.10 0.80 0.10 877 640
7 0.10 0.80 0.10 – – ig. 2. Polymer concentration profiles in the membrane for Cases R1, R2
nd R3 at the moment of precipitation.
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Fig. 3. Scanning electron micrograph of the membrane cast from a ternary
water/cellulose acetate/acetone solution for the casting conditions corre-
sponding to Case R1.
4.2. Effect of initial thickness of the casting solution
To investigate the effect of initial thickness of the casting
solution on the final membrane structure, membranes were
cast from a solution composed of 10% CA, 80% acetone
and 10% water using a four-sided applicator with a gap size
of 200m. For Case R4, the initial film thickness is 200m
and all other experimental conditions are identical to those of
Case R2. Comparison of the precipitation times for these two
cases indicate that decreasing the initial film thickness leads
to faster phase separation due to a decrease in resistance of the
diffusion controlled mass transfer region. The polymer distri-
butions for both cases shown in Fig. 6 indicate that decreasing
the initial thickness of the casting solution leads to the for-
mation of a thicker skin layer while the pore distribution and
the porosity of both membranes remain similar. To determine
F
w
s
Fig. 5. Scanning electron micrograph of the membrane cast from a ternary
water/cellulose acetate/acetone solution for the casting conditions corre-
sponding to Case R3.
the fraction of dense skin layer from such a plot, we have de-
fined the surface skin thickness as the distance between the
free surface and the point at which the concentration of poly-
mer decreases by 10%. According to this qualitative criteria,
the percentage of dense skin layer was found to increase from
0.46% to 2.45% as the initial thickness of the casting solution
was decreased from 300m to 200m. Furthermore, the re-
sults in Fig. 6 imply that decreasing the initial film thickness
favors the formation of less asymmetric membrane structures
since the difference in polymer concentrations at the top and
bottom surfaces is smaller. These predictions were confirmed
with SEM micrographs of two cases shown in Figs. 4 and 7.
The analysis of the cross section of the membranes indicated
that with decreasing initial film thickness, the overall porosity
did not significantly change, the pore sizes slightly decreased,
and the percentage of dense skin layer increased from 3.7%
to 5.9%. Similar behavior was reported by Matsuyama et al.
[19]. In particular, they found that with the decrease in the
F
Rig. 4. Scanning electron micrograph of the membrane cast from a ternary
ater/cellulose acetate/acetone solution for the casting conditions corre-
ponding to Case R2.
ig. 6. Polymer concentration profiles in the membrane for Cases R2 and
4 at the moment of precipitation.
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Fig. 7. Scanning electron micrograph of the membrane cast from a ternary
water/cellulose acetate/acetone solution for the casting conditions corre-
sponding to Case R4.
initial casting thickness, the asymmetric structures were sup-
pressed and changed to much more dense skin structures.
4.3. Effect of evaporation temperature
The effect of evaporation temperature on the final structure
of the membrane was investigated by increasing the temper-
ature within the environmental chamber from 25 ◦C to 50 ◦C.
All other experimental conditions for Case R5 are identical
to those of Case R2. Comparison of the precipitation times
tabulated in Table 2 indicate the expected trend of decreas-
ing precipitation time with increased evaporation temperature
due to faster diffusion of both acetone and water in the solu-
tion as well as faster evaporation of both components from the
surface. Polymer distributions in each case plotted in Fig. 8
indicate that increasing air temperature will cause formation
of more dense structures near the top surface. According to
the qualitative criteria we have defined, percent of skin layer
F
R
Fig. 9. Scanning electron micrograph of the membrane cast from a ternary
water/cellulose acetate/acetone solution for the casting conditions corre-
sponding to Case R5.
increases from 0.46% to 0.54% as the evaporation tempera-
ture is increased from 25 ◦C to 50 ◦C. In addition, results in
Fig. 8 show that higher evaporation temperature will favor
less asymmetric and more porous sublayer structures except
in a small region facing the glass side. The corresponding
scanning electron micrograph of the final film morphology
prepared at the evaporation temperature of 50 ◦C is shown in
Fig. 9. The analysis of the cross section in this figure revealed
that, with increased evaporation temperature, the total thick-
ness of the membrane decreased while both overall porosity
and the percent of dense skin layer increased as predicted by
the model. In addition, the pore sizes also increased. Simi-
lar trends were observed by other investigators. Young et al.
[48] have found that the rise in the evaporation temperature
during the dry-cast process changed the membrane structure
of crystalline poly(ethylene-co-vinyl alcohol) (EVAL) from
a particulate to a dense morphology. The results reported by
Mohamed and Al-Dossary [47] have indicated that the use of
higher evaporation temperatures during the membrane for-
mation resulted in lower water permeabilities due to a thicker
dense skin layer formed at the membrane surface.
4.4. Effect of relative humidity
To investigate the effect of relative humidity on the struc-
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ig. 8. Polymer concentration profiles in the membrane for Cases R2 and
5 at the moment of precipitation.ure of the membrane, the dry-cast experiment was conducted
t conditions corresponding to Case R6 in Table 1. Compari-
on of the precipitation time for Case R6 with that of Case R2
ndicate that with increasing relative humidity of air, the solu-
ion/air and substrate/solution interfaces enter into the phase
iagram more rapidly, but not at the same time. This is due to
decrease in driving force for the evaporation of water, thus
rapping more residual water in the solution. Consequently,
ore rapid phase separation takes place. This prediction is
onsistent with the observation of Park et al. [49]. The pre-
ictions of the polymer distribution profiles shown in Fig. 10
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Fig. 10. Polymer concentration profiles in the membrane for Cases R2 and
R6 at the moment of precipitation.
imply that, increasing the relative humidity will lead to a
more asymmetric porous membrane structure with a thinner
skin layer. From these profiles, the percentages of dense skin
layers were determined as 0.58% and 0.46%, when relative
humidity of air is 25% and 50%, respectively. When the mid
part of the cross sections of these two membranes shown in
Figs. 4 and 11 were analyzed, it was found that with increased
relative humidity, porosity in that section increased as pre-
dicted by the model. In addition, the pore size decreased as
was also observed by Park et al. [49] for membranes prepared
by water vapor-induced phase separation.
4.5. Effect of air velocity
The effect of increased air velocity, i.e., forced convec-
tion conditions was usually investigated for a combination of
dry/wet phase inversion techniques to produce defect free, ul-
trahigh flux, asymmetric membranes with ultrathin skin lay-
F
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Fig. 12. Concentration paths of water, acetone and cellulose acetate for Case
R7: (©) solution/air interface; () solution/substrate interface.
ers [50–54]. To investigate the effect of forced convection
on the structure of the dry-cast membranes, cellulose acetate
solutions cast on a glass plate were allowed to evaporate by
blowing air across the membrane surface with a blower. Ex-
perimental conditions for this case are denoted as Case R7
and are shown in Table 1. Corresponding composition paths
predicted by the model shown in Fig. 12 indicate that neither
the air side nor the support side enter the two-phase region.
This prediction implies that, when the membrane is dried
under strong forced convection conditions, phase separation
will not take place and a uniformly dense coating devoid
of substantial microstructure will result. This prediction was
supported by the scanning electron micrograph of the final
film morphology illustrated in Fig. 13. It can be seen that the
cross-sectional morphology is dense and non-porous. The
optical property of the film, which was translucent, is also
consistent with both SEM analysis and model predictions.
F
w
sig. 11. Scanning electron micrograph of the membrane cast from a ternary
ater/cellulose acetate/acetone solution for the casting conditions corre-
ponding to Case R6.ig. 13. Scanning electron micrograph of the membrane cast from a ternary
ater/cellulose acetate/acetone solution for the casting conditions corre-
ponding to Case R7.
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Fig. 14. Concentration paths of water, acetone and cellulose acetate for Case
R2: (©) solution/air interface; () solution/substrate interface. Prediction
was performed through the insertion of diffusion model using only the princi-
pal diffusion coefficients (i.e., the cross diffusion coefficients were set equal
to zero).
4.6. Effect of diffusion formalism
The predictions of Alsoy Altinkaya and Ozbas [20] have
shown that the critical factor for capturing the accurate behav-
ior of membrane formation is the diffusion formalism utilized
in the model. Theoretically, diffusion in a ternary system is
described by four diffusion coefficients, main diffusion co-
efficients, D11 and D22 and cross diffusion coefficients, D12
and D21. In all predictions reported so far, the friction-based
diffusion model proposed by Alsoy and Duda [29] were uti-
lized. In an attempt to illustrate the importance of accurate
diffusion theory on the prediction of the structure of the mem-
brane, simulations corresponding to experimental conditions
denoted by Case R2 have been performed for two alterna-
tive approximations of ternary diffusion coefficients. Model
predictions represented as composition paths on the ternary
phase diagrams are shown in Figs. 14 and 15. Concentration
paths in Fig. 14 were predicted through the insertion of Alsoy
and Duda’s diffusion model [29] using only the main diffu-
sion coefficients, i.e., the cross diffusion coefficients D12 and
D21 were set equal to zero. The results in Fig. 15 were ob-
tained using the simplest diffusion theory in which the cross
diffusion coefficients are equal to zero and the main diffusion
coefficients are predicted by the corresponding self-diffusion
coefficients without considering the thermodynamic factor.
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Fig. 15. Concentration paths of water, acetone and cellulose acetate for Case
R2: (©) solution/air interface; () solution/substrate interface. Prediction
was performed through the insertion of diffusion model in which the cross
diffusion coefficients were set equal to zero and the principal diffusion co-
efficients were estimated by corresponding self-diffusion coefficients.
viously in Figs. 1 and 2. Misleading conclusions about the
structure of the membrane based on the predictions shown
in Figs. 14 and 15 clearly point out the need for an accu-
rate formulation of diffusion theory in membrane formation
modeling.
5. Conclusions
Scanning electron microscopy has been adapted to inves-
tigate the morphology of the membranes and validate the dry-
cast model recently developed by us. The composition paths
superimposed on the ternary phase diagram and the polymer
distribution curves at the first moment of precipitation pro-
vided theoretical information about the structure of the mem-
branes such as degree of asymmetry, fraction of dense skin
layer, porosity and pore distribution in the sublayer structure.
The effects of polymer/nonsolvent ratio in the casting solu-
tion, the initial film thickness, evaporation temperature, rel-
ative humidity and velocity of air on the ultimate membrane
structures were investigated. Results have clearly demon-
strated that the final membrane structure is quite sensitive to
these preparation conditions. In this work, one of our primary
focuses was to illustrate the effect of diffusion formulation
on the predictions of the final membrane structures. We have
f
b
t
t
b
f
o
p
the predictions shown in Figs. 14 and 15 imply that the fi-
al membrane structure will be porous and symmetric since
he polymer compositions of two interfaces when they cross
he binodal curve, are almost the same. However, the corre-
ponding SEM of the final film morphology shown in Fig. 4
ndicate that the membrane structure is highly asymmetric
ith a thin dense skin layer at the free surface supported by
porous sublayer structure. This structure was accurately
redicted by using the full diffusion model as shown pre-ound that accurate formulation of diffusion theory forms the
asis of the membrane formation modeling and simplifica-
ions in the theory may lead to misleading conclusions about
he ultimate structure of the membrane. The comparisons
etween model predictions and morphological studies were
ound to be quite good. In addition, the predictive ability
f the model was confirmed by gravimetric measurements
erformed in our earlier work [20]. Consequently, we believe
hat optimization of the initial dynamics of commercial
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membrane casting processes can be advanced with the aid
of our model predictions. Obviously, this study presents one
of the few techniques toward validating the model. Other
experimental results such as permeability measurements and
light intensity data can be used to evaluate the model.
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